Adsorption of CO 2 on a semiconductor surface is a prerequisite for its photocatalytic reduction. Owing to superior photocorrosion resistance, nontoxicity and suitable band edge positions, TiO 2 is considered to be the most efficient photocatalyst for facilitating redox reactions. However, due to the absence of adequate understanding of the mechanism of adsorption, the CO 2 conversion efficiency on TiO 2 surfaces has not been maximized. While anatase TiO 2 (101) is the most stable facet, the (001) surface is more reactive and it has been experimentally shown that the stability can be reversed and a larger percentage (up to ~ 89%) of the (001) facet can be synthesized in the presence fluorine ions. Therefore, through density functional calculations we have investigated the CO 2 adsorption on TiO 2 (001) surface. We have developed a three-state quantum-mechanical model that explains the mechanism of chemisorption, leading to the formation of a tridentate carbonate complex. The electronic structure analysis reveals that the CO 2 -TiO 2 interaction at the surface is uniaxial and long ranged, which gives rise to anisotropy in binding energy (BE). It negates the widely perceived one-to-one correspondence between coverage and BE and infers that the spatial distribution of CO 2 primarily determines the BE. A conceptual experiment is devised where the CO 2 concentration and flow direction can be controlled to tune the BE within a large window of ~1.5 eV. The experiment also reveals that a maximum of 50% coverage can be achieved for chemisorption. In the presence of water, the activated carbonate complex forms a bicarbonate complex by overcoming a potential barrier of ~0.9 eV. * Electronic address: nandab@iitm.ac.in 2
INTRODUCTION
Recycling of carbon dioxide by converting it into hydrocarbons has been suggested as an energetically efficient method for the mitigation of CO 2 concentration [1] [2] [3] [4] [5] [6] [7] [8] [9] . The direct CO 2 reduction requires dissociation of the C = O bond that costs an energy of 750 kJ/mol [10] , which is thermodynamically difficult to achieve. Therefore, a catalytic reduction, which involves several low-energy multistep processes via protonation and electron capture, is more favorable. To develop an efficient catalyst, longterm stability and enhanced CO 2 adsorption capability are desired. In the case of photocatalysis, anatase TiO 2 is one of the preferred choices because of its superior chemical stability and appropriate band-edge position (with respect to redox potential) [11] [12] [13] [14] [15] [16] [17] [18] [19] . While a lot of work has been reported to improve the photocatalytic ability [20] [21] [22] , the CO 2 -TiO 2 interaction mechanism has not been explored.
From a thermodynamical analysis of an experimental study, Koppenol and Rush [23] reported that the catalytic reduction of CO 2 initiates with an electron capture that leads to the formation of ions. But the inert nature of CO 2 along with its positive electron affinity (~ 0.6 eV) [24] results in a reduction potential of -1.9 V (vs standard hydrogen electrode) for a CO 2 + → reaction [25] . Such a high potential hinders the transfer of electrons, thus making it a rate determining step [26, 27] . The formation of anions on a pure TiO 2 surface is also evident by the vibrational spectroscopic technique which confirms the charge transfer between CO 2 -TiO 2 [28] .
Several experimental [28] [29] [30] and theoretical studies [27, [31] [32] [33] [34] [35] [36] have been carried out to study the CO 2 adsorption on the most stable (101) surface of anatase TiO 2 . However, in two seminal works [37, 38] , it has been experimentally shown that the stability can be reversed and a larger percentage (up to 89%) (001) facet can be synthesized in the presence fluorine ions. Further, Han et al. [38] and several others [21, [39] [40] [41] [42] have experimentally shown that the (001) facet substantially enhances the photocatalytic efficiency.
In the context of a stable (101) surface, several first-principles calculations have been performed using both cluster and slab models to study the activation of the CO 2 on anatase TiO 2 surfaces [31] [32] [33] [34] [35] 43, 44] .
Relying upon the energetics and charge analysis, He et al. have reported that the conversion of CO 2 to formic acid on TiO 2 (101) surface begins with the initial activation of CO 2 via one electron transfer to form the anion with an activation barrier of 0.87 eV [33, 34] , and also observed that this step plays a crucial role in determining the efficiency of conversion. Hence, to improve the catalytic performance on TiO 2 , the adsorption and activation of CO 2 plays a crucial role.
Considering the adsorption on (101) surface, Sorescu et al. [44] and others [32] [33] [34] [35] have estimated the binding energy (BE) close to -0.5 eV. It suggests that CO 2 in this case is physisorbed where both surface and adsorbate are negligibly deformed. On the other hand, the density functional theory (DFT)
calculations for adsorption on (001) surface, using clusters [32, 45] and slabs [35, 46] , yield stronger BE (-1.1 to -1.4 eV). In this case, the formation of a carbonate complex and the deformed surface suggests chemisorption of CO 2 molecule. However, the quantum mechanical process leading to such complex formation has not been understood. Gaining insight into it is important to unravel the TiO 2 -CO 2 interaction and hence the charge transfer mechanism. We will see that the latter introduce binding energy anisotropies which are crucial for quantification of adsorption, activation and reduction of CO 2 molecules on the TiO 2 (001) surface.
For the development of economically viable technology, high CO 2 conversion efficiency is desired. In this context, a few experimental and theoretical studies have been carried out to investigate the effect of CO 2 concentration on the adsorption and reduction ability of the catalyst surface [35, 44, [47] [48] [49] . Through DFT calculations, Sorescu et al. have examined the role of CO 2 coverage on anatase (101) surface [44] and found that there is a negligible increase in the adsorption energy (~1 meV) when the coverage is increased from 10 to 25%. As mentioned earlier, CO 2 molecules are weakly adsorbed on the (101) surface and hence it is expected that the BE will not be as sensitive to the coverage. However, the (001) surface being highly reactive and since CO 2 molecules are strongly adsorbed on this surface, a deterministic investigation is required to develop a relation between coverage and adsorption energy.
In the present work, through DFT calculations ( 
II. COMPUTATIONAL DETAILS
The DFT calculations are performed using ultrasoft pseudopotential and the plane wave basis sets as implemented in the Quantum ESPRESSO package [50] . Exchange-correlation potential is approximated through the Perdew-Burke-Ernzerhof general gradient approximation (PBE-GGA) functional [51] .
Additionally, we have included the semi-empirical Grimme-D2 van der Waals correction [52] . The kinetic energy cutoff to fix the number of plane waves is taken as 30 Ry. The Brillouin zone integration is carried out using the tetrahedron method through a Monkhorst pack k-point grid [53] . A k mesh is considered for the structural relaxation, while for electronic structure calculations, a denser k mesh of is used. The convergence criterion for self-consistent energy is taken to be 10 -6 Ry.
All the structures are relaxed until the force on each atom is lower than 0.025 eV/Å. The charges on individual atoms are measured using Löwdin charge analysis. The structural and charge-density plots are generated using the visualization tool VESTA [54] . For some selective cases, the transition-state-theory based CI-NEB simulations [55] are carried out to examine the nature of transition between the initial and final configuration.
The ground state body centered tetragonal structure (space group I4 1 ; No. 141) with GGA optimized lattice parameters (a = 3.794 Å, c = 9.754 Å) is considered for the electronic structure calculations. Our optimized lattice parameters agree well with the earlier reported theoretical [56] [57] [58] and experimental [59] values. The surface is constructed using a slab model. A vacuum of 12 Å is found to be sufficient to avoid the interaction among the surfaces of the neighboring slabs. The surface energy is calculated using the following expression,
where, , and represent the surface energy, total energy of the slab and represents the total energy per formula unit of bulk TiO 2 respectively, while stands for the total number of formula units present in a slab and is the surface area of the slab. We carried out surface energy convergence test and found that a six-layer-thick slab is sufficient to give well-converged adsorption energies. The BE of CO 2 molecule is calculated using the following equation:
where E is total energy of the respective systems. The total energy of a CO 2 molecule is calculated by placing it in a large simple cubic unit cell (a ~ 12 Å). 
III. RESULTS AND DISCUSSION
The atomic distribution of anatase TiO 2 (001) surface is made up of five-fold coordinated Ti (Ti 5f ), twofold coordinated O (O 2f ) and three-fold coordinated O (O 3f ) as shown in Fig. 1a . These three sites and the hollow position act as adsorption sites for the CO 2 molecule. As observed from Figs. 1(b)-1(e), upon adsorption there is a change in the geometry of the TiO 2 surface and the molecular structure of CO 2 , which is significant only in the case of ontop O 2f . In this case, the O-C-O bond angle changes by 50.3°
and the out-of-plane displacement of the O 2f at the adsorption site is nearly 0.47 Å. For adsorption at other sites, the change in the bond angle is less than 5° and the corresponding out-of-plane displacement is less than 0.06 Å. To quantify the strength of adsorption, BE calculations are performed and the results are shown in Fig. 1(f) . We find a BE of -1.66 eV for adsorption at O 2f , which implies a chemisorption; while for other sites, physisorption is observed with a weak BE of about -0.30 eV.
During the chemisorption of CO 2 , the C atom develops a bond with O 2f (bond length 1.32 Å).
Concurrently, the C -O bond in CO 2 dilutes as their bond length increases from 1.18 to 1.28 Å. Finally, a carbonate complex is formed [32, 35, 46] which resembles an ideal carbonate anion where the O -C -O bond angle is 120° and the C -O bond length is 1.28 Å. Understanding the bonding mechanism will enable us to develop a phenomenology on adsorption as a function of both coverage and spatial distribution of the CO 2 molecule in a microscopic scale. 
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As shown in Fig. 2 process is schematically presented in Fig. 3(a) . The net charge-density difference in the neighborhood of the adsorption site is shown in Fig. 3(b) . The green and brown electron clouds indicate electron loss and gain, respectively as we move from state II to III.
It is important to compare the formed CO 3 δ-complex with the ideal CO Therefore, there is a net increase in the occupancy of the O Ti -2s orbital. Secondly, with the formation of linear Ti -O Ti -Ti geometry (along the x axis), except for the weak O Ti -p z -Ti-d xz π interaction, the other p z -d interaction vanishes, which can be explained through the Slater-Koster tight-binding matrix elements [65] . As a result, a decrease in the occupancy of the O Ti -p z orbital is observed. Overall, we find a net increment of 0.02 electrons on the O Ti site as discussed in charge-transfer mechanism. Furthermore, due to the breakdown of the translational symmetry, the O Ti -p states partially lose their Bloch character and disorder-induced quasilocalized states appear which can be seen from the PDOS of Fig. 4 (e).
On examining the situation after the adsorption, we found that the disorder-induced quasilocalized O Ti -p states initiate interactions with the molecular quantum states of bent CO 2 which can be classified into the nearest-neighbor O Ti -{s, p} -C-{s, p} and the triangular O Ti -{s, p} -O C -{s, p} impurity-host interactions.
The resulting DOS is shown in Fig. 4(c) . Here, we found that O Ti -dominated localized states resemble those of the O C molecular quantum states. 
B. Anisotropic binding
In previous sections, the total energy calculations and chemical bonding analysis reveal that O 2f is the most preferred site for adsorption of CO 2 to form a CO 3 -0.816 complex. Also, we have found that the threefold-coordinated oxygen (O 3f ) does not participate in the impurity-host interaction. Since two consecutive Ti -O 2f -Ti chains are separated by a line of O 3f atoms [see Fig. 5(a) ], the influence of impurity states formed by the CO 3 δ-complex is restricted only to its parent chain. This implies that binding energy cannot be described as a function of coverage alone; rather it is governed by the spatial distribution pattern of CO 2 molecules leading to anisotropy.
We have adopted the supercell formalism to vary the coverage and spatial distribution of the adsorbate. (2 2) to -2.9 eV (5 2). It may be noted that a near identical variation in BE is observed [ Fig. 5(g) ] for isotropic distributions (2 2 to 5 5). However, for case II, despite an increase in the supercell size (or decrease in coverage), the BE remains constant at -1.6 eV. This confirms that BE depends only on the distance between the adsorbed molecules lying along the parent Ti -O 2f -Ti chain which also implies that for a given coverage BE can vary through anisotropic distributions. Further, we found that two neighbor O 2f sites along the Ti -O 2f -Ti chain cannot chemisorb the CO 2 molecules due to a large electrostatic repulsion leading to a positive BE of 6.52 eV. Therefore, the maximum coverage of can be achieved on the anatase (001) surface.
To understand the cause of anisotropic behavior in BE, we have examined the structural distortion and
Löwdin charges for the aforementioned cases. In case I (defined through n 2 supercell), on decreasing the coverage, the distortion in the impurity-host complex increases and was found to be more bound. The relatively less compared to the case of θ = 0.25, the net charge transfer to the carbonate complex is found to be higher. Therefore, with decrease in coverage, the range of impurity-host interaction as well as the net charge transfer to the carbonate complex increases which lead to a stronger BE. Even though weak, the other interactions that affect the BE are the electrostatic repulsion between the charge clouds of the adjacent carbonate complexes and the increase in elastic energy due to structural distortions. The former strengthens the adsorption for diluted distribution of the CO 2 molecules while the later tends to weaken it.
The net change in the BE is dominantly affected by the impurity-host interaction. 
C. Trajectory of randomly oriented CO 2 molecules
The fundamental point of the discussion made so far is that the CO 2 molecule prefers to be chemisorbed over ontop O 2f site with its molecular axis along the [100] axis, i.e., along Ti -O 2f -Ti chain. However, in a practical situation, the far away CO 2 molecule can have any random orientation (Φ) with respect to
[100] axis [ Fig. 7(a) ]. In such cases, it is necessary to study the trajectory of CO 2 leading to the adsorption process. In Fig. 7 , we have traced the trajectory for different Φ values ranging from 0 to π with respect to the [100] axis.
As computed earlier, the net charge density on the TiO 2 surface is -2. 
D. Future Scope
The aforementioned discussions collectively conclude that while the CO 2 adsorption is sensitive to the spatial distribution of these molecules, it is independent of the initial orientation of the O -C -O axis.
These two phenomena offer the scope to tailor the CO 2 adsorption, which we have demonstrated through a conceptual experiment as shown in Fig. 8 and ψ. Here, the color gradient signifies the variation in binding energy.
We propose a model that relates the CO 2 adsorption behavior to d nozzle , d CO 2 , and ψ. As discussed earlier, for chemisorption, the net CO 2 coverage on the (001) surface cannot exceed 50 %. Therefore, continuous variation of d nozzle , d CO 2 , and ψ is restricted which leads to certain discrete configurations in these three parameter spaces. As each configuration presents a unique spatial distribution of CO 2 molecules, there is a BE variation in these three parameter space which is plotted in Fig. 8(f) . As ψ goes to 0 [ Fig. 8(a) ], the flow is along the Ti -O 2f -Ti chain and therefore, rather than the d nozzle , the d CO 2 determines the BE, which is reflected in Fig. 8 molecule dissociates with the formation of two hydroxyl (OH) groups, which are connected to each other through a hydrogen bond is established between the two OH groups. The adsorption energy of H 2 O is calculated to be -2.23 eV. The earlier reported calculations, carried out using the GGA exchangecorrelation functional and using only the Γ point of the k space, predict the adsorption energy close to -1.7
eV [66, 67] . In another pseudopotential and GGA based calculation, a 2 2 1 k mesh was used and the resulted adsorption energy was -2.05 eV [68] . As the present calculations use a large (4 4 1) k mesh and employ long-range van der Waals corrections, an improvement in the accuracy by ~0.2eV was achieved.
The hydrated TiO 2 surface offers multiple sites for CO 2 adsorption as can be seen in Fig. 10 . Like the case of a pristine surface, the BE graph [ Fig. 10(f) ] shows that the adsorption at O 2f is most favorable.
However, with the presence of H 2 O, the BE strength decreases slightly from 1.66 eV by 0.26 eV. We attribute this difference to the repulsive interaction between the activated carbonate complex and the dissociated hydroxyl ion. The coadsorbed stable structure, i.e. with two hydroxyls and one active CO 3 complex, can make a transition to form hydrocarbon complexes. The first step in this direction is the formation of the bicarbonate HCO 3 complex [69, 70] . The migration of H from the hydroxyl group to the carbonate complex leads to the formation of surface bicarbonate (-HCO 3 ). From the CI-NEB calculations, the activation barrier is calculated to be 0.89 eV. The gradual transition is demonstrated in Fig. 11 . 
IV. CONCLUSIONS
In summary, from comprehensive density functional calculations and molecular-orbital theory, we developed a three-state model to explain the mechanism of CO 2 adsorption on the most reactive anatase TiO 2 (001) surface. We found that the charge transfer between the host and adsorbate occurs only along the chain consisting of alternately placed Ti and twofold oxygen atoms (Ti -O 2f -Ti) on the surface.
Therefore, there is a binding energy anisotropy which suggests that spatial distribution of CO 2 , rather than the coverage as reported earlier, is the deciding factor in determining the adsorption behavior. In fact, our binding energy analysis reveals that a maximum of 50% coverage can be achieved for chemisorption, beyond which the CO 2 molecules experience a repulsive force at the O 2f site. Exploiting the binding energy anisotropy, we propose a conceptual experiment which suggests that a binding energy can be varied in an energy window of about ~1.5 eV by controlling the direction and concentration of gas flow.
It may be noted that such binding energy anisotropy are not present in the most stable anatase (101) surface. In the case of co-adsorption of H 2 O and CO 2 , which generally happens in experiments, we find that H 2 O dissociates to form two hydroxyl ions. Further, by overcoming a potential barrier of ~0.9 eV, the carbonate complex can break a hydroxyl ion to create the hydrocarbon (HCO 3 ) through the freed H atom.
